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The visible universeThe visible universeThe visible universe
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Dark matter (50 times more than visible matter)Dark matter (50 times more than visible matter)

The invisible universeThe invisible universeThe invisible universe



If we could “see” dark matterIf we could “see” dark matterIf we could “see” dark matter



matter?matter?
• Modified Newtonian dynamics
• Planets
• Mass disadvantaged stars

brown red white   
• Black holes

• Nonbaryonic particle dark matter



Space and time are
related.

1905

Space is dynamical 
(curved, warped, bent).

1915

Empty space has a 
weight.

1917

energy?energy?



1917 Einstein proposed
cosmological constant.

1929 Hubble discovered
expansion of the universe.

1934 Einstein called it
“my biggest blunder.”

1998 Astronomers found
evidence for it.

Cosmological
constant

CosmologicalCosmological
constantconstant

the weight of spacethe weight of space

(dark energy)(dark energy)
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(dark matter dominant)
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expands forever
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The weight of spaceThe weight of spaceThe weight of space

Supernovae



The weight of space
Su

pe
rn

ov
a 

C
os

m
ol

og
y 

Pr
oj

ec
t (

Pe
rlm

ut
te

re
t a

l.)



Mass density of space:

Cosmo-illogical constant?CosmoCosmo--illogical constant?illogical constant?

30 -310 g cm−

Cosmological constant
(dark energy)

Cosmological constantCosmological constant
(dark energy)(dark energy)

The unbearable lightness of nothing!



Much ado about nothing
(the vacuum)

Much ado about nothingMuch ado about nothing
(the vacuum)(the vacuum)

NOTHING is something!

NOTHING has energy!

NOTHING matters!

NOTHING changes!



and the 
Vacuum
and the and the 
VacuumVacuum

Nothing is something!Nothing is something!Nothing is something!
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Quantum 
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Quantum Quantum 
UncertaintyUncertainty



The Higgs potentialThe Higgs potentialThe Higgs potential
• The vacuum has a “Higgs potential”

• Interaction with the Higgs field potential 
gives mass to particles like quarks and    
electrons.

e,W, Z, quarks …

×

×
×

photon

Nothing has energy:Nothing has energy:Nothing has energy:
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Dark Matter: 
25%

Dark Energy: 
70%

Stars:
0.5%

Free H 
& He:
4%

Cosmic PieCosmic PieCosmic Pie

Nothing
matters!
NothingNothing
matters!matters!

Chemical Elements: 
(other than H & He) 0.03%

Neutrinos: 
0.47%



Nothing can change!Nothing can change!Nothing can change!



Space expands.

Edwin Hubble
1929



1909 National Champions

The University of ChicagoThe University of ChicagoThe University of Chicago



The universe
is radiant.

Arno Penzias
Robert Wilson

1965



T = 3K = − 454o FT = 3K = T = 3K = −− 454454oo FF

Cosmic background radiationCosmic background radiationCosmic background radiation



- Walt Whitman

• background radiation
• virtual particles
• Higgs potential
• dark matter
• dark energy

Every cubic inch of space is a Every cubic inch of space is a Every cubic inch of space is a 
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Particle Accelerator = Time Machine = Telescope

Inner Space - The QuantumInner Space Inner Space -- The QuantumThe Quantum





Primordial soupPrimordial soupPrimordial soup
0.000 000 000 004 seconds AB

3,000,000,000,000,000o

CONDENSED

HOT

INGREDIENTS

in 50 Earth masses in matter
one 50 Earth masses in antimatter
can +  extra mountain of matter

per 10 billion years of total 
serving energy output of sun

in every spoonful every type of elementary particle



300,000
years

3
minutes

4-pico
seconds

1-micro
second

atoms
form

nuclei
form

neutrons
protons

form

primordial
soup

BANG!



Periodic table - chemist Periodic table Periodic table -- chemist chemist 



Periodic table - cosmologist Periodic table Periodic table -- cosmologist cosmologist 

Metals



The Universe Today:The Universe Today:
73%   Hydrogen   (10-5    deuterium)
26%   Helium        (10-5 3He)

1%   Metals

The Universe 3 minutes AB:The Universe 3 minutes AB:
76%   Hydrogen   (10-5   deuterium)
24%   Helium        (10-5 3He)
10-8% Lithium



Primordial soupPrimordial soupPrimordial soup
KNOWN INGREDIENTS:
56% QUARKS
16% GLUONS (STRONG FORCE)
9% ELECTRON-LIKE PARTICLES
9% W’s AND Z’s (WEAK FORCE)
5% NEUTRINOS
2% PHOTONS (ELECTROMAGNETIC FORCE)
2% GRAVITONS (GRAVITATIONAL FORCE)
1% HIGGS BOSONS (???)



Primordial soupPrimordial soupPrimordial soup
KNOWN INGREDIENTS:
56% QUARKS
16% GLUONS (STRONG FORCE)
9% ELECTRON-LIKE PARTICLES
9% W’s AND Z’s (WEAK FORCE)
5% NEUTRINOS
2% PHOTONS (ELECTROMAGNETIC FORCE)
2% GRAVITONS (GRAVITATIONAL FORCE)
1% HIGGS BOSONS (???)

SECRET INGREDIENT:
DARK MATTER



Dark
Matter?





also CERN    Gran Sasso

MINOS



Ge (20mK)

WIMP  (300 km s-1)

phonons

ionization



Before primordial soup?Before primordial soup?Before primordial soup?

Nothing!
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Inflation
Big Bang plus 

10- 35? seconds

Big Bang plus 
380,000 Years

Big Bang plus 
14 Billion Years

Seeds of Structure
+

Gravitational Waves

Imprint of InflationImprint of InflationImprint of Inflation



An early particle cosmologistAn early particle cosmologistAn early particle cosmologist

1938-1939:  Graz           Vatican          Gent, Belgium          Dublin

Erwin Schrodinger..



production of matter, merely by expansion [of the 
universe],…  Alarmed by these prospects, I have examined 
the matter in more detail.”

“…  There will be a mutual adulteration of [particles] 
in the course of time, giving rise to … the ‘alarming 
phenomenon’…”

Introduction:

Conclusion:

The proper vibrations of 
the expanding universe
The proper vibrations of The proper vibrations of 
the expanding universethe expanding universe

Erwin Schrodinger    (1939)..



Creation of a single pair of particles
of undetectably small energy
somewhere in the universe
in the next 14 billion years

Alarming?

The proper vibrations of 
the expanding universe
The proper vibrations of The proper vibrations of 
the expanding universethe expanding universe

Erwin Schrodinger    (1939)..



An even earlier Graz cosmologistAn even earlier Graz cosmologistAn even earlier Graz cosmologist

1600-1630:   Graz       Prague        Linz          Sagan         Ratisbon

Johannes Kepler“When the storms rage around us, and the state is threatened by 
shipwreck, we can do nothing more noble than to lower the anchor
of our peaceful studies in the ground of eternity.”    - J. Kepler



“When the storms rage around us, 
and the state is threatened by 
shipwreck, we can do nothing 
more noble than to lower the 
anchor of our peaceful studies . . .



Quantum uncertainty–inner space

Temperature ripples–outer space



A pattern
of

vacuum
quantum

fluctuations

(the alarming 
phenomenon)
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0.47%



“The most beautiful 
thing we can 
experience is the 
mysterious. It is the 
source of all true art 
and science. Those 
to whom this 
emotion is a 
stranger, . . . are as 
good as dead; their 
eyes are closed.”

Albert Einstein
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